One sentence summary: In the present review, we discuss current knowledge on APEC diversity and virulence, including host response to infection and the associated inflammatory response with a focus on pulmonary colibacillosis. Editor: Andre Klier
INTRODUCTION
Escherichia coli is a normal inhabitant of birds' lower gastrointestinal tract. It is also commonly present in the pharynx and trachea. Most of E. coli strains are safe, although some strains are virulent and able to induce diseases in birds. Those ones were named APEC, for avian pathogenic E. coli, with the intestine constituting their reservoir ). Consequently, large numbers of E. coli are maintained in the poultry house environment through fecal contamination.
In poultry, APEC strains cause a wide range of localized and systemic infections commonly called avian colibacillosis. Nowadays, avian colibacillosis is one of the leading causes of mortality and morbidity associated with economic losses in the industry throughout the world e.g. in China (Zhuang et al. 2014) . Economic losses can be due to decreased hatching rates, decreased egg production, mortality, lowered production, carcass condemnation at slaughter and costs associated with treatment and prophylaxis. However, even if there is no doubt about economic impact of avian colibacillosis, it is hard to find data on the economic cost of this disease for the poultry industry (Barnes, Nolan and Vaillancourt 2008) .
APEC could infect all types of birds at all ages in all types of poultry production, causing localized and systemic types of colibacillosis acting either as a primary or secondary agent (Barnes, Nolan and Vaillancourt 2008) . The most typical forms of localized infection due to APEC as a primary pathogen are infections of the reproductive tract, omphalitis and yolk sac infection. Infections of the reproductive tract include (C) These responses will result in proinflammatory cytokines and chemokines production that will activate and/or recruit other leukocytes to the infected site. Inflammation will also contribute to tissue damage and impairment of lung function if bacterial colonization persists. Heterophils are likely to be the first leukocyte population to be recruited from the bloodstream to the infected site by chemokines within few hours after the establishment of infection. Later in the inflammatory response to APEC, monocytes arrive in the second wave of leukocyte immigration into the lungs not only to optimize bacterial clearance but also to contribute to phagocytosis of dying heterophils and thus contribute to tissue repair. The kinetics of these cellular events and the mediators of inflammation that participate in the immigration and activation of heterophils or monocytes/macrophages in APEC-infected chicken lungs remain largely unexplored.
salpingitis/peritonitis/salpingoperitonitis syndrome (SPS), which is very common in laying hens, and the E. coli peritonitis syndrome (EPS) which is more acute and septicaemic than SPS and affects laying hens from the start of egg production to peak production. The route of infection seems to be of respiratory and vaginal origin (Landman, Heuvelink and van Eck 2013) . Omphalitis and yolk sac infection occurs by fecal contamination of eggs or in ovo during egg formation when laying hens suffered SPS. Furthermore, as a secondary opportunistic bacterium, E. coli can play a role in some bone and joint infections affecting poultry flocks. However, the most studied syndrome is the systemic form of colibacillosis from a respiratory origin that induces colisepticemia. Colisepticemia occurs in stressed and immunocompromised birds due to (1) deteriorated environmental conditions of poultry houses such as high level of dust and ammonia, (2) mycoplasmal infection, and (3) infectious bronchitis virus (IBV) and Newcastle disease virus infections, including vaccine strains. These biotic and abiotic factors could lead to an impaired immune response and/or deciliation of tracheal epithelial cells (Nagaraja et al. 1983; Kotani et al. 1987; Matthijs et al. 2009 ). This defect in epithelial mechanical defenses favors colonization of the upper and lower respiratory tract by APEC strains that are present in the environment, which will finally lead to respiratory infection (Fig. 1A) . APEC is thus assumed to cross the respiratory epithelia and penetrate deeply into the mucosa and submucosa to reach blood stream causing septicemia. Birds surviving to septicemia develop subacute fibrinopurulent airsacculitis, pericarditis and perihepatitis. Although airsacculitis is observed, it is unclear whether it results from primary respiratory exposure or from extension of polyserositis. Furthermore, sequelae of colisepticemia could also lead to arthritis, osteomyelitis, peritonitis and salpingitis (Barnes, Nolan and Vaillancourt 2008; Dziva and Stevens 2008) .
Prophylaxis of colibacillosis is based on strict control of breeding conditions, respect of biosecurity practices and vaccination. However, commercially available vaccines are more or less effective mainly because APEC strains are highly diverse. Vaccines containing killed or attenuated virulent bacteria protect against infection with the homologous strain but it could not be excluded that they are less efficient against heterologous strains (Sadeyen et al. 2015) . Hence, until recently, vaccination for colibacillosis was not widely practiced due to a large variety of serogroups involved in field outbreaks. A common practice is the use of autogenous vaccines and bacterins that are specifically designed for each particular flock (Landman et al. 2014) . Treatment of colibacillosis relies on antibiotherapy but with the increasing occurrence of multidrug-resistant E. coli isolates, treatment may be unsuccessful.
APEC DIVERSITY AND PATHOGENESIS
A keyword to define APEC is diversity (Landman et al. 2014) . This is reflected by the diversity of serotypes that are associated with colibacillosis. Indeed, in Europe, six serogroups (O1, O2, O5, O8, O18 and O78) accounted for 56.5% of APEC isolates and 22.5% of non-pathogenic isolates (Schouler et al. 2012) . However, it has been shown that APEC population is structured and two groups have been determined: one comprising strains causing swollen head syndrome and the second containing strains causing omphalitis (Maturana et al. 2011) . Multiple antimicrobial resistance traits of APEC isolates also show the diversity of APEC, which are often resistant to tetracyclines, chloramphenicol, sulphonamides, amino-glycosides, fluoroquinolones, β-lactam and extended-spectrum β-lactams antibiotics (Mellata 2013) . Diversity is also illustrated by a comparative genomic study that has shown genetic variability within O78 serogroup (Huja et al. 2015) . Nevertheless, there is no single or a set of specific virulence genes systematically associated with APEC, thus making difficult the design of drugs that will target all APEC isolates and the diagnosis of APEC strains. This diversity and the fact that many E. coli strains are not virulent hinder a clear and quick diagnostic of an avian E. coli isolate as a pathogenic or nonpathogenic strain. However, it has been shown that five genes (iron, ompT, hlyF, iss and iutA) located on the large virulence plasmid ColV are associated with APEC strains (Johnson et al. 2008) . Moreover, combinations of certain virulence genes are good predictors of APEC strains. Indeed, four gene combinations allowed the diagnostic of 70.2% of APEC strains (Schouler et al. 2012 ) and combination of sitAP, ompT, hlyF and iroN is possessed by 30 of 55 clinical APEC isolates (Dissanayake, Octavia and Lan 2014) . Finally, even if APEC isolates are highly diverse, some studies have shown that APEC is closely related to human pathogenic strains isolated from urinary tract infections, sepsis and new born meningitis. These similarities raise the question on the zoonotic potential of APEC strains (Moulin-Schouleur et al. 2006; Ewers et al. 2007; Mellata 2013; Mora et al. 2013; Nandanwar et al. 2014) . Indeed, it has been suggested that poultry meat could be a source of potentially virulent E. coli strains able to cause extra intestinal diseases in human (Mitchell et al. 2015) . However, it is important to pinpoint as discussed by R.S. Singer that 'finding similarities between animal and human isolates is not the same as documenting the routes of transmission and the frequency by which strains from animals colonize humans and cause subsequent disease' (Singer 2015) .
Avian colibacillosis generally starts as a respiratory infection that evolves to generalized infection resulting in fibrinopurulent lesions of internal organs. So far, the mechanisms of APEC virulence are still not well defined. Colonization of the trachea and air sacs is considered the first step of a systemic infection by APEC, followed by the colonization of the liver and the pericardium, with subsequent bacteremia. Various potential virulence factors have been identified. For some of them their implication in the pathogenesis has been experimentally proven using experimental infection models and the in vivo expression of multiple virulence factors associated with APEC confirm their importance in the infection process in chickens (Table 1) . However, in most cases the precise stage of the pathogenesis in which they played a role is still unknown. Adhesins such as fimbriae, Stg, Tsh and Yqi are required to colonize the trachea and the lung (Dozois et al. 2000; La Ragione, Cooley and Woodward 2000; Lymberopoulos et al. 2006; Antao, Wieler and Ewers 2009) . Some factors such as IbeA, the BarA/UvrY twocomponent system and T6SS are involved in type I fimbriae expression and therefore could play a role in the colonization of the upper and lower respiratory tract (Herren et al. 2006; Cortes et al. 2008; Ma et al. 2014) . Carbohydrate metabolism seems to be involved in lung and/or air sacs colonization (Chouikha et al. 2006 ).
Passage into the bloodstream is an important step for the dissemination of bacteria in avian colibacillosis, which allows further multiplication in blood and colonization of internal organs. Pourbakhsh et al. (1997a) have shown that invasion of the vascular system via the lung and the damaged air sac interstitium may be an important portal for bacteria entry. In this context, siderophores such as aerobactin, salmochelin, ChuA and Sit are required for bacterial growth within host biological fluids in which iron is at low concentrations Sabri et al. 2008; Gao et al. 2012 Gao et al. , 2015a . Protectins (K1 capsule, Iss, T2SS and O78 LPS) allow APEC to survive in the blood by avoiding host's innate immune response mediated by the complement system (Mellata et al. 2003a (Mellata et al. , 2010 Nolan et al. 2003; Huja et al. 2015) . This ability to multiply in the blood probably contributes to APEC spread in deeper organs. However, wherever APEC will be able to disseminate, they will have to face avian innate immune response. More detailed aspects of host response to colibacillosis, with a focus on its pulmonary form, are presented below.
HOST IMMUNE RESPONSE TO APEC
The release of the chicken genome allowed a fast advance in chicken immunology (Wong et al. 2004) . New technologies and reagents have improved the knowledge of chicken immune responses to important pathogens that impact animal health, such as APEC (Lowenthal, Bean and Kogut 2013) . Our understanding of the immune response to APEC is based on very descriptive studies, mostly restricted to basic bacteriological and histopathological analysis of target organs such as lungs. The outstanding diversity of APEC strains represents a major drawback for the understanding of its pathogenesis in poultry (Dziva and Stevens 2008) . However, a small number of well-defined isolates (from serotypes O1, O2 or O78) have been in used in several studies, most notably in determining the pathological characteristics of lung inflammatory lesions and transcriptomic alterations in chicken's blood leukocytes and spleen upon APEC infection (Antao et al. 2008; Sandford et al. 2011 Sandford et al. , 2012 Nie et al. 2012; Pors, Olsen and Christensen 2014) .
To respond to an invading organism, host immune cells sense the type of pathogen that may be encountered through receptors such as the Toll-like receptors (TLRs), which distinguish different classes of pathogen-associated molecular patterns (PAMPs) (Roy and Mocarski 2007) . Microbial product-induced activation of immune cells leads to the activation of intracellular signaling pathways related to microbial killing mechanisms and production of pro-and/or anti-inflammatory cytokines (Kogut et al. 2012) . Four main TLRs are involved in the recognition of bacterial motifs in chickens. TLR-2, which recognizes peptidoglycan; TLR-4, which binds lipopolysaccharide (LPS); TLR-5, which recognizes flagellin; and TLR-21, which recognizes unmethylated CpG DNA commonly found in bacteria (Keestra et al. 2010) . As in mammals, binding of ligand to receptor leads to signaling via Myd88-dependent pathways that leads to expression of molecules that activate and attract leukocytes. However, no major studies were performed on specific molecules operating in these pathways that may be exclusive to birds, especially for TLR-21, which is not found in mammals. In one study, TLR-4 and TLR-5 were not among the genes differentially upregulated in the peripheral blood leukocytes (PBL) of chickens infected with an APEC O1 strain (O1:K1:H7) . On the other hand, TLR-4 and TLR-2 genes were significantly upregulated in the spleen of chickens infected with the same APEC serotype (Nie Dziva et al. (2013 Dziva et al. ( ) et al. 2012 ). In the lungs, APEC strains are likely to be recognized through TLRs expressed by epithelial and resident phagocytic cells, which would drive the production of inflammatory mediators and stimulate phagocytosis (Fig. 1B) . No study has addressed so far the dynamics of TLR expression in birds in the pneumonic form of colibacillosis. Thus, the major avian TLR involved in recognition of APEC PAMPs and the consequences of APEC-TLR interactions in bird's respiratory tract remains largely unexplored. Bird's lungs possess parabronchi, a structure which allows air flow to pass through the lung in one direction. Parabronchi are in close contact with blood capillaries, an important area for gas exchange. In the avian respiratory system, air moves in and out through distention and compression of the air sacs, not the lungs, as observed in mammals. The air sacs fill a large area of the chest and abdominal cavity, being located at the ends of the airway system. At any given moment, air may be flowing into and out of the lung, but also staying in the air sacs during the whole process. These peculiar anatomical features may strongly favor bacterial colonization of bird's lower airways (Reese, Dalamani and Kaspers 2006) , one of the reasons why the pulmonary form of colibacillosis is highly prevalent. The gasexchange regions of the lung and the air sacs are the main sites of bacteria entry into the bloodstream. However, resident cells might help recognition and elimination of invading bacteria. In avian lungs, both macrophages and dendritic cells are present in the mucosa of larger airways (de Geus and Vervelde 2013) . These phagocytic cells are located at these strategic check points where fresh air is distributed into the gas exchange areas. Air sacs are also relatively vulnerable to colonization and invasion due to an apparent lack of robust resident phagocytic cells. Even if air sacs do possess resident cells, their phenotypic characterization, numbers and relevant differences to those phagocytic cells present in lung parenchyma remain to be further studied (Reese, Dalamani and Kaspers 2006; Dziva and Stevens 2008) .
Inflammatory responses to bacterial infection within the respiratory tract efficiently elicit macrophages and heterophils to the respiratory surface (Fig. 1B and C) . However, there is very limited knowledge on the interaction and adhesion mechanisms of APEC to these cell populations (Reese, Dalamani and Kaspers 2006) . These phagocytic cells are likely to play a key role on the initial host defense not only to APEC but also to other pathogens that might predispose the avian lung to a more efficient bacterial adherence and invasion. Blood monocytes and tissue resident macrophages certainly play different roles in recognition and initiation of immune responses to APEC invasion. However, there is no study integrating phenotyping and activation status of circulating monocytes and resident macrophages in the course of APEC infection in chickens. Peripheral blood mononuclear cells from chicken inoculated with a vaccine strain or virulent IBV prior to E. coli 506 (O78:K80) inoculation showed reduced bactericidal activity. This was not caused by altered phagocytic capacity or nitric oxide (NO) production (Ariaans et al. 2008) . In addition, the increased susceptibility to colibacillosis after IBV infection was not caused by a decreased influx of macrophages to the infected site, as the influx of these cells was increased in trachea and air sacs as compared to chickens inoculated with E. coli only ). These data suggest that a preceding viral infection does not necessarily predispose for bacterial superinfection with E. coli by damaging the avian mucociliary barrier, but mainly through a modulation of the host immune response, such as the suppression of macrophage/monocyte recruitment or local activation by cytokines/chemokines ).
In other APEC infection models, intratracheal E. coli 506 inoculation led to increased percentage of macrophages (KUL01+ cells) in chicken blood and spleen (Ariaans et al. 2008) . Importantly, a more pathogenic isolate (i.e. BEN 2908 former name MT78, O2:K1) was able to persist within HD11 cells (a chicken macrophage line) and KUL01+ macrophages in the lungs and air sacs of infected chickens, in contrast to less pathogenic isolates (Pourbakhsh et al. 1997b; Horn et al. 2012) . Moreover, infection of HD11 cells with APEC MT78 resulted in caspase 3/7 activation, suggesting the induction of proapoptotic mechanisms (Horn et al. 2012) . Indeed, there is little knowledge on avian cells' apoptotic mechanisms that may be induced by APEC infection itself or by cytokines or other mediators released at the infected site. Phagocytosis of apoptotic cells by macrophages at the inflammatory/infectious foci may be beneficial to hostimmune response by controlling infection and preventing granulocyte autolysis, effects that converge to accelerate the resolution of inflammation (Silva 2011) . These mechanisms were not yet studied in details in birds. LPS-coated polystyrene beads are useful tools to mimic bacterial uptake and stimulation by bacterial antigens. Uptake of LPS beads by chicken lung mononuclear phagocytes led to upregulation of costimulatory molecules MHC-II, CD40 and CD80 in the cell surface. CD40 expression returned to control levels at 24 h post-infection, which indicates transient activation of lung phagocytes (de Geus, Jansen and Vervelde 2012). Further in vivo studies using live bacteria are necessary to better characterize the role of these key costimulatory molecules in shaping efficient phagocytic responses to bacteria in chicken lungs. These works highlight the pivotal role of mononuclear phagocytes/macrophages in the in situ control of APEC infection.
Heterophils, the most abundant granulocyte in most avian species, play an indispensable role in the avian immune response to pathogens by using a range of cytotoxic and prostimulatory molecules such as cytokines, chemokines and lipid mediators (Kogut, Genovese and Lowry 2001; He et al. 2005 He et al. , 2007 . The fact that heterophils can serve as sources of cytokines suggests that these cells contribute to the generation of conditions necessary for the recruitment and activation of other innate immune cells and for the expression of innate effector molecules that mediate the inflammatory response (Kogut, Rothwell and Kaiser 2003) . In the pulmonary APEC infection model, heterophils are the first line of defense and die at the infection site, as evidenced by purulent inflammation in the lungs concomitant with robust heterophilic infiltrate (Horn et al. 2012 ). Heterophils would not only contribute to bacterial clearance but, in case inflammation persists, they may contribute to tissue damage and worst disease prognosis (Fig. 1C) . Previously, purulent necrosis of parabronchi has been found in lungs infected with E. coli strain 506 , and degenerating heterophils were observed by transmission electron microscopy in the lung of chickens inoculated with an APEC (O2:K1) (Pourbakhsh et al. 1997b) . Heterophils would arrive very quickly at the infected sites probably due to a robust production of CXC chemokines by lung or air sac epithelial cells and resident macrophages. In the chicken, there are two syntenic genes, CXCLi1 and CXCLi2, which look equally like orthologs of human CXCL8 (IL-8). Both of these chemokines are ligands for chicken CXCR1. Also, heterophils express chicken CXCR1 and this receptor is Galpha(i) protein linked (Poh et al. 2008) . Further studies on the CXC chemokine system in chicken heterophils during bacterial infection are of greater interest. In addition, Mellata et al. (2003b) described the role of type 1 fimbriae in promotion of initial phagocytosis of an highly invasive APEC O2 strain (MT78), thus indicating a role for type 1 fimbriae in the protection of bacteria from subsequent killing by heterophils. Although still elusive to this date, studies on the functional role of heterophils in the onset of APEC infection are necessary to gain further knowledge on avian innate immunity mechanisms.
NK cells have been functionally and morphologically defined in chickens (Jansen et al. 2010) , and recent progress has been made on the role of diverse types of NK cell receptors (Straub et al. 2013) . Genes related to NK cell-mediated toxicity were greatly upregulated in the PBL of chicken infected with an APEC O1 strain, although the phenotype and function of this cell population was not yet studied in the context of colibacillosis in vivo . To date, the dynamic of leukocyte influx into chicken's lungs upon APEC infection is under great debate. Although heterophils and macrophages are likely to be the most important cell populations to respond to invading bacteria in the lungs, one cannot exclude yet the role of NK cells and other innate lymphoid cells in early or later moments of the host immune response to infection, which can be better studied with new cell surface markers and flow cytometry strategies that have arisen in the last years (Seliger et al. 2012; Sperling, Viertlboeck and Gobel 2015) . Our current knowledge on the inflammatory response to respiratory colibacillosis in chicken's lungs and air sacs and the dynamics of cell populations involved in recognition and elimination of APEC is summarized in Fig. 1 .
Systemic approaches evaluating spleen transcriptomics of animals infected with APEC O1 revealed higher levels of expression for different proinflammatory signaling pathway molecules, cytokines and defensins in birds with substantive signs of disease (Sandford et al. 2011) . The response of birds with severe lesions proved to be much larger, both in magnitude and number of differentially expressed genes, than birds with mild lesions. Upregulation of genes such as those encoding CD45 and CD148 was also observed; both genes are associated with activation of T-cell receptor signaling pathways indicative of the activation of adaptive immunity (Nie et al. 2012) . The active or peripheral participation of T cells in supporting tissue homeostasis, for example, might be underestimated in the APEC-infected pulmonary mucosa. Such global approaches have considerable potential in elucidating pathogenic mechanisms associated with the chicken immune response during bacterial infections not only at an innate immunity level. Information on the modulation of cells and molecules associated with chicken's adaptive immune response in the pulmonary form of colibacillosis would improve our understanding on the complexity of cellular mechanisms involved in the most frequent form of colibacillosis found in poultry worldwide.
CONCLUSION
No single APEC strain can be considered as the representative (archetypal) strain of the APEC pathotype, making even more complex the dissection of colibacillosis pathophysiology. Such diversity has to be taken into account to improve diagnosis and vaccine development. Even if the genome sequence of some APEC strains has been determined, extensive comparative genomic analyses of various APEC strains from various serogroups are still necessary (Johnson et al. 2007; Dziva et al. 2013; Mangiamele et al. 2013; Huja et al. 2015) . New technologies and reagents will not only facilitate a better understanding of chicken immune responses to important pathogens such as APEC, but also enable improved vaccine design. Transcriptomic technologies such as RNA sequencing and single-cell analysis systems utilized in tandem with traditional infection biology now offer greater possibilities for the study of both microbial pathogenesis and immunity in a larger scale. These developments will inform important disease control measures, improve animal welfare and produce important knowledge on the susceptibility of poultry to colibacillosis and associated diseases.
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